Abstract. Seasonal drought (low precipitation combined with high atmospheric temperature) typically occurs during the active vegetative growth season in subtropical regions of southeast China. We examined the responses of water use efficiency (WUE) and its components, gross primary productivity (GPP) and evapotranspiration (ET), to water limitations and high atmospheric temperature (T a ) in a subtropical evergreen coniferous plantation. The effect of high temperature and low water availability on the water use efficiency (WUE) at the site was analyzed using six years (2003)(2004)(2005)(2006)(2007)(2008) of eddy covariance flux observations. During the active growing season (June-August), GPP and ET did not decrease remarkably and successively unless extreme drought occurred, i.e. mean soil relative extractable water decreased below 0.4. Low precipitation and high T a (26-32°C) at the peak of the active growing season decreased GPP. Furthermore, the response of water consumption (i.e. ET) to high T a and drought lagged behind that of carbon fixation (i.e. GPP). Whether daily WUE increases or decreases in response to drought depends on temperature. For the present study site, at daily time scale, variations of WUE during the active growing season were determined mostly by air temperature while at longer (annual) time scales the influence of solar radiation may exert greater control over interannual variation in WUE than air temperature.
Introduction
When considering the relationship between average climate and forest productivity among sites -or inter-annual variations within one site -water and carbon (C) fluxes and, therefore, productivity of forest ecosystems are strongly influenced by drought (Granier et al., 2007) . Since water and C fluxes are strongly linked by their passage through the stomata, water use efficiency (WUE), the ratio of carbon dioxide (CO 2 ) assimilation to water losses, has been identified as an effective integral trait for assessment of ecosystem response to drought Linares and Camarero, 2012) . Therefore, understanding ecosystem WUE and its key controlling processes in response to drought by using long-term observations is helpful to project drought-terrestrial C feedbacks.
Drought stress occurs whenever soil water drops below a threshold that induces restrictions to growth and transpiration (Bréda et al., 2006) . Transpiration, gross photosynthesis and respiration decrease sharply when the soil relative extractable water (REW) drops below 0.4 (Granier et al., 2007) . Repeated drought induces a reduction in leaf area index (LAI) (Battaglia et al., 1998; Zhang et al., 2005 ) that subsequently decreases gross primary production (GPP) (Law et al., 2002; Hoff and Rambal, 2003) . Drought in European forests during an extremely dry year (2003) reduced annual tree growth and had consequences in subsequent years (Granier et al., 2007) .
High atmospheric temperatures (T a ) have been shown to adversely affect GPP in many forest ecosystems. For example, Griffis et al. (2003) found that boreal conifers experienced a pronounced mid-season decline in GPP. Grant et al. (2001) showed that the GPP of boreal black spruce declined under higher T a . The sensitivity of GPP to high T a in forests may be due to biochemical or stomatal factors (Grant et al., 2005) . Méthy et al. (1997) found degradation of photosystem II photochemical efficiency in Pinus halapensis only at temperatures > 35°C, which is well above those at which GPP becomes constrained. However stomatal conductance (g l ) of most vegetation (e.g. boreal conifers and deciduous trees) has been frequently observed to decline under the higher atmospheric vapor pressure deficits (VPDs) (Grelle et al., 1999; Ohta et al., 2001; Wang et al., 2009 Wang et al., , 2012 that can occur at temperatures > 25°C. Reduced g l caused by higher VPD limits a plant's ability to use light for photosynthesis because of reduced CO 2 concentrations inside leaves (Schulze et al., 1987) . Transpiration is also reduced by stomatal control and affects leaf energy balance (Baldocchi, 1997) . Consequently, there is an increase in leaf temperature, which promotes photorespiration and affects electron transport and carboxylation capacity, thereby potentially reducing C gain (Harley and Tenhunen, 1991; Baldocchi, 1997) .
Empirical evidence has shown strong coupling between transpiration and photosynthesis, and the effect that drought can have on both processes (Bernier et al., 2006) . Moreover, temperate and subtropical forest ecosystems have been shown to have different relationships between GPP and evapotranspiration (ET) (Yu et al., 2008) . For temperate forest ecosystems, GPP was significantly correlated with ET at different temporal scales, showing a strong linear relationship between C gain and water loss. For subtropical forest ecosystems, the relation between GPP and ET was nonlinear indicating that the coupling between GPP and ET was weak under the changing environmental variables (Yu et al., 2008) . Ruehr et al. (2012) also reported that C and water fluxes were tightly coupled, but became less so during drought for a young ponderosa pine forest. The ratio of GPP to ET, expressed as WUE, was found to decrease slightly during severe drought in a European forest in the summer of 2003 . As described by Reichstein et al. (2002) , this pattern challenges many current ecosystem model formulations in which pure stomatal control implies increasing WUE under soil drying conditions (Schulze et al., 2005) . Indeed there are also observations that WUE increases during the seasonal drought (Vickers et al., 2012) .
Due to the effect of the subtropical continental monsoon climate, the mid-subtropical region in southeast China is rich in water and heat resources. However, the lower atmosphere layer of this region is controlled by a West Pacific subtropical high pressure system and a descending airflow prevails in summer, which often leads to difficulty in forming precipitation . Hence, seasonal drought (less precipitation combined with high air temperature) usually occurs during the active vegetative growth season, which is typical in subtropical regions of southeast China Yu et al., 2008; Wen et al., 2010) . The changing precipitation regime (such as rainfall deficit) accompanied by increased air temperature has a profound impact on ecosystem C exchanges (e.g. Ciais et al., 2005; Niu et al., 2011) . Some studies have also reported that during dry seasons in wet-dry regions, many tree species do not suffer from significant water stress as a result of one or several adaptive mechanisms (Eamus and Prior, 2001 ). To date, the behavior of whole ecosystems in the humid climate zone in response to seasonal drought has not been thoroughly investigated.
The objectives of this study were: (i) to describe the seasonal and inter-annual patterns of WUE for a subtropical plantation forest; (ii) to investigate the coupling relationship between GPP and ET and their dependence on T a and explain the reason for decreasing WUE during the peak of the active growing season; (iii) to explore whether decreased soil water content led to decreased C fixation during the active growing season.
Materials and methods

Study site
The study site in ChinaFLUX is located at the Qianyanzhou Experimental 
Flux measurements and data processing
Ecosystem ET and C exchange were measured continuously at 39. where w and ρ c represent vertical velocity and CO 2 density, respectively. The overbars denote time averaging and primes represent fluctuations from the mean. The first term on the right-hand side is the eddy flux for CO 2 or water vapor, the second term is the storage of CO 2 or water vapor below the height of observation (z r ), and all advective terms in the mass conservation equation were ignored (Baldocchi, 2003) . Spurious data were removed from the dataset if the instrument performance and experimental conditions were abnormal. Such problems were largely related to rainfall, water condensation, system failure or weak turbulent mixing during the night . Three-dimensional rotation of the coordinates was applied to the wind components to avoid the effects of instrument tilt or irregular airflow (Aubinet et al., 2000) . Corrections were made for the effects of fluctuations of air density on the fluxes of CO 2 and water vapor (Webb et al., 1980) . Storage below the EC height was also corrected (Hollinger et al., 1994) . When the value of friction velocity (u * ) was < 0.19 m s ) were excluded. The energy balance closure was 77% (Li et al., 2005) and Wen et al. (2005) indicated that the co-spectral and power-spectral distributions both followed theoretical laws, and there was no obvious loss of high-frequency flux.
The gap-filling of the half-hourly ET was performed based on the methods described by Falge et al. (2001) , but modified according to the gap-filling methodology of , which considers the temporal auto-correlation of ET as well as the covariance of ET with environmental variables. The data gaps of NEE were primarily filled by the nonlinear regression method (Falge et al., 2001 ). For small gaps (< 2 h), the missing data were linearly interpolated. For large gaps, the missing daytime NEE was estimated using the Michaelis-Menten equation with an independent 10-d window (Wen et al., 2010) . The nighttime NEE was defined as nighttime ecosystem respiration. The missing nighttime ecosystem respiration was estimated as a function of soil temperature and soil moisture with a yearly interval (Reichstein et al., 2002) .
Unfortunately, direct measurements of GPP are usually not available in most ecosystem studies. Following micrometeorological conventions, C uptake by an ecosystem is denoted by negative values of CO 2 flux (NEE), while C release through ecosystem respiration (RE) is reported as positive values. Thus, GPP (mg CO 2 m -2 s -1 ) can be estimated by subtracting CO 2 flux from ecosystem respiration: GPP = RE -NEE. To estimate GPP, the daytime RE was estimated by extrapolation of the functional relationship between nighttime RE and soil temperature and water content (Wen et al. 2010 ). Similarly to Ju et al. (2010), we considered the GPP derived from measured NEE, soil temperature and soil water content as measured GPP.
WUE at the ecosystem level, measured as the ratio between daily-integrated GPP and daily-integrated ET, is a useful indicator of the relationship between terrestrial water and C cycles (Jongen et al., 2011) . Daily ecosystem WUE (g C kg -1 H 2 O) is calculated as:
WUE expresses the relationship between C fixation and water consumption during a day. The reciprocal of WUE reflects the water cost per unit C assimilation during a day. Additionally, annual WUE is defined as the ratio of annual sums of GPP to ET. Daily WUE during the active growing season (June-August) and annual WUE and its control environments were analyzed in this study.
Statistical analysis
The relationships between GPP, ET and air temperature were fitted with linear (y = ax + b) and quadratic (y = ax 2 + bx + c) equations using the Origin software package. June-August. The difference of GPP and ET under different soil water conditions was performed by t-test using the SPSS software package. (Fig. 1a-f) .
Results
Environmental conditions
During the active growing season, there was temporarily low REW (≤ 0.5) except in 2006 (Fig. 1a-f (Fig. 1g-l) . Daily temperature progressively increased in February-August and decreased in August-February (Fig. 1g-l) . The minimum temperature occurred in January 2003 (-2.3°C) and the maximum in July 2003 (34.0°C). 
Seasonal variation of WUE and annual WUE
For most of the time, the variation in WUE was in the range of 1.5-4.5 g C kg -1 H 2 O.
Within any single year, during 2003-2008, a decline in WUE was always observed during June from the seasonal variation of WUE (Fig. 2) . Accordingly, the daily WUE formed a trough during the active growing season for all years (Fig. 2) . (Fig. 3) . The slope of the linear fit between GPP and ET in 2005 and 2006 was also higher than for the other four years (Fig. 3) . As far as the whole year was concerned, annual WUE in the years of poor water conditions during the active growing season (e.g. (Fig. 4) . Annual solar radiation explained 81% of the variations in annual WUE (Fig. 4) Figure 5 compares the responsive characteristics of GPP and ET to air temperature during June-August of [2003] [2004] [2005] [2006] [2007] [2008] . GPP response characteristics to air temperature for all years could be fitted using quadratic equations. The air temperature at which the maximum of GPP (T GPP ) was achieved could be calculated from the fitted site-specific parameters (see 'Statistical analysis' section). Table 1) . T GPP was proportional to the average value of REW during June-August (REW [6] [7] [8] ) and Pearson's correlation coefficient (r) between them was 0.90 (P = 0.01) (Fig. 6) . Our results showed that high T a (> 26-32°C) became a restriction for C assimilation during the active growing season. The temperature when GPP achieved the maximum (T GPP ) was significantly (P =0.015, r = 0.899) correlated with REW [6] [7] [8] , indicating that T GPP was not a constant but a variable determined by soil water conditions and became lower if drought occurred (e.g. in 2003 and 2007). Fig. 3 . The relationship between T a and ET could be fitted either by a linear or a quadratic equation (Fig. 5) , which was determined by soil water availability. (Fig. 5d , f, h and l) or a lag-decrease ( Fig. 5b and j) when air temperature was higher than T GPP . The ratio between GPP and ET, i.e. WUE, was also strongly related to T a , decreasing by about 60-70% when T a increased from 22 to 32°C (Fig. 7) . The relationship between T a and WUE can be expressed by y = a -bln(T a ), which explained > 60% (60-78%) of the variations in daily WUE. The higher WUE in the years 2005 and 2006 was due to lower solar radiation (see 'Discussion').
Figure 2. Seasonal and inter-annual variations of water use efficiency (WUE, g C kg
GPP, ET and WUE under different REW intervals relative to temperature
In the active growing seasons of 2003 and 2007, differences in GPP and ET were observed among different REW intervals when T a > T GPP ( Table 2) Table 2 ). There was a significant difference for ET between 0.4 < REW < 0.5 and REW ≤ 0.4 (P < 0.05). In 2007, GPP showed significant differences when REW ≤ 0.4. Means within columns not followed by the same letter are significantly different at P<0.05.
Discussion
The overall mean annual WUE (2.4±0.3 gC kg (Ruehr et al., 2012) . GPP and ET were reduced by drought when REW dropped below ca. 0.4 (Granier et al., 2007) . The typical threshold of the REW (40-50%) inducing drought effects and significant reduction of GPP and ET was confirmed in the present study and whether the GPP was reduced when REW dropped below 0.5 or 0.4 seemed related to T a ( At the stand and ecosystem levels, the variability of WUE results from the trade-off between water loss and C gain during plant photosynthetic assimilation (Yu et al., 2008) . During the studied years (2003) (2004) (2005) (2006) (2007) (2008) , variation of daily WUE in each year formed a trough during the active growing season (Fig. 2) . In years other than 2003 and 2007, the linear increasing rate of ET was much larger than that of GPP when T a was close to T GPP and the ratio between them (i.e. WUE) was reduced. This phenomenon cannot be interpreted by stomatal limitations to photosynthesis because ET showed no decrease; instead non-stomatal limitations caused by higher temperature (due to either mesophyll conductance or leaf biochemistry or both) can reasonably explain this phenomenon. Proposed non-stomatal mechanisms include reduced RuBisCO activity, reduced electron transport capacity and reduced mesophyll conductance (Flexas et al., 2012; Zhou et al., 2013) . The decrease in WUE in response to seasonal drought in 2003 and 2007 may have occurred because higher temperature (larger than optimum) induced reduction in electron transport and carboxylation capacity and restricted CO 2 uptake (non-stomatal limitation). Additionally drought constrained leaf photosynthesis (stomatal limitation) caused GPP to decline earlier than ET in response to the seasonal drought (Fig. 5a, b, i, j) , which was also observed in a ponderosa pine forest (Ruehr et al., 2012) . Similarly, Zhou et al. (2013) stated that stomatal and non-stomatal limitations to photosynthesis must both be considered for the short-term response to drought. To be more specific, J max (rate of electron transport) is hypothesized to be more sensitive to drought than V cmax (maximum carboxylation capacity) (Misson et al., 2006) supported by the observations of Wright et al. (2013) that during a drought year the J max /V cmax ratio was significantly lower than during a non-drought year.
There are no uniform conclusions on how ecosystem WUE responds to drought -an opinion confirmed by the report of Wright et al. (2013) that the response of WUE to drought was not uniform across sites. WUE increased during drought for two semi-arid pine forests (young and mature) (Vickers et al., 2012 ) and a young ponderosa pine stand (Ruehr et al., 2012) as water loss was restricted more than the inhibition of photosynthesis. The research of Reichstein et al. (2002) showed that ecosystem WUE decreased during drought at three Mediterranean evergreen sites due to the large decline (by up to 90%) in light-saturated ecosystem gross C uptake and daytime averaged canopy conductance. For the short-term response to drought, the reduction in WUE observed in some ecosystems should be ascribed to the stomatal and non-stomatal limitations to photosynthesis which decreased more than could be explained by the reduction in stomatal conductance. The results of the present study are consistent with other studies showing that both stomatal and non-stomatal processes are affected by drought (Keenan et al., 2009; Egea et al., 2011) . The correlation of T a with daily WUE (Fig. 7) was greater than for soil water availability (data not shown), suggesting that T a was a main determinant of variation in daily WUE for this subtropical evergreen coniferous plantation. Reports of increase in WUE during drought have often concerned environments with maximum daily T a < 20°C (e.g. Vickers et al., 2012 Fig. 1 ). Thus we concluded that T a may be a factor that determines how daily WUE responds to drought because T a greatly determines the extent of non-stomatal limitation impacts on photosynthesis. Certainly this conclusion requires validation at a larger regional scale.
At an annual timescale, WUE in 2005 and 2006 was higher than for other years (Fig.  3) , possibly due to the low annual solar radiation -10% below normal at ~400 MJ m -2 (Zhang et al., 2011b ) -which caused a disproportionate change in the relationship between evapotranspiration and photosynthesis (Rocha et al., 2004) . On an annual time scale, WUE seemed relatively conservative at this study site and tended to increase in years of low solar radiation (Fig. 3c, d ). This result is in accordance with the conclusion of Reichstein et al. (2007) who reported that for most sites the year-to-year changes in WUE were small (<1g kg -1 ). As demonstrated by Yang et al. (2010) , different data selection can lead to different conclusions on the relationship between WUE and its controls. For the present study site, at a daily time scale, variations in WUE during the active growing season were determined mostly by air temperature (Fig. 7) ; while at longer (annual) time scales the variability in WUE may be influenced by solar radiation (Fig. 4) . This is attributed to high temperature and drought during the active growing season that induced a shift from optimal stomatal regulation to nonstomatal regulation at leaf scale and affected daily GPP to a large extent, while at longer (annual) time scales solar radiation mostly determined the ET and finally affected annual WUE.
Conclusions
The following conclusions can be drawn from this study:
(1) GPP and ET did not decrease remarkably and successively during the active growing season (June-August) unless extreme drought had occurred (mean REW < 0.4). (2) During the active growing season (June-August), the WUE showed a trough, regardless of whether ET was an increasing or decreasing response to seasonal drought. The reduction of water consumption (i.e. ET) in response to high temperature and drought lagged behind the process of C sequestration (i.e. GPP). (3) The optimum temperature for GPP to achieve a maximum was related to soil water conditions. Our results demonstrated that the threshold of temperature became lower if drought occurred. (4) Environmental temperature was a factor that determined the daily WUE response to drought. For the present study site, on a daily time scale, variations in daily WUE during the active growing season were mostly determined by air temperature. At a longer (annual) time scale the influence of solar radiation may be more dominant in controlling the variability of WUE than air temperature.
